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ABSTRACT: In actinide chemistry, it has been shown that
equatorial ligands bound to the metal centers of actinyl ions
have a strong influence on the chemistry and therefore the
electronic structure of the OAnO moiety. While this
influence has received a significant amount of attention,
considerably less research has been done to investigate how
the identity of the actinide metal itself (U, Np, Pu, Am) affects
the actinyl stretching frequencies. Herein, we present the
structural and spectroscopic characterization of six actinyl
tetrachloride compounds (M2AnO2Cl4: M = Rb, Cs, Me4N; An
= U, Pu) as well as the stretching and interactive force constants
of the actinyl moiety in each species. Our results show a
decrease in the stretching force constant and a weakening of the
AnO bond when traversing the actinides from uranyl to plutonyl, which is interesting because the solid state molecular
structures show a slight contraction of the AnO bond length when uranium is replaced with plutonium. Additionally, the
interaction force constants for both the uranyl and plutonyl compounds were found to be negative, which corresponds to a
reduction of the force constant for the symmetric stretching mode.

■ INTRODUCTION

The actinyl moiety, OAnO, is composed of two oxygen
ligands tightly bound to an actinide atom in a linear
conformation and is the most common configuration of high
valent early actinides in aqueous conditions. These -yl
actinide−oxygen bonds are known to be short, strong, and
typically unreactive. The strength of the actinyl bond can be
seen in the bond dissociation constant for the UO bond in
uranyl, 604 kJ/mol,1 which is 72 kJ/mol higher than the CO
bond in CO2 (532 kJ/mol).2 Unlike the bent OTMO
arrangement typically found in transition metal dioxo
compounds such as MoO2(Ph3PO)2Cl2,

3,4 the linear con-
formation of the actinyl moiety arises from participation of the
actinide f-orbitals in bonding, which is not possible in the
analogous transition metal−ligand bonds. The primary
coordination sphere of the actinide center is completed with
3−6 co-ligands that are typically restricted to the equatorial
plane of the actinyl moiety.5 While these equatorial ligands are
known to be weakly bound and relatively labile in comparison
to the actinyl oxos, it has been shown that they have a strong
influence on the chemistry and therefore the electronic
structure of the actinyl moiety.
The influence of the equatorial ligands upon the actinyl

moiety can be seen when comparing the oxo ligand exchange
rates for UO2(H2O)5

2+ and UO2(OH)5
3‑. Under acidic

conditions, the half-life for oxo ligand exchange in
UO2(H2O)5

2+ has been determined to be ∼40 000 h,6,7 with

faster rates typically requiring a photoexcitation of the uranyl
ion.8−10 Interestingly, placing the uranyl moiety in an alkaline
environment and therefore replacing the equatorial water
molecules with hydroxide ligands results in a dramatic increase
of the oxo ligand exchange rate to a half-life of less than one
second at room temperature.6 Additionally, influence of the
equatorial ligands upon the electronic structure of the actinyl
moiety can be indirectly probed through shifts in the symmetric
and asymmetric stretching frequencies observed using Raman
and infrared spectroscopy, respectively. For example, Raman
spectra of UO2(H2O)5

2+ show the symmetric stretching
frequency of the actinyl moiety located at 869 cm−1.11

Replacing the water ligands with hydroxide to form
UO2(OH)5

3‑ results in a shift of the symmetric stretching
frequency to 786 cm−1, indicating a perturbation to the
electronic structure of the uranyl.6

Currently, there are two theories used to explain why the
equatorial ligands influence vibrational properties of the actinyl
moiety. The first theory is that upon complexation, the
equatorial ligands compete with the -yl oxo ligands for the 6d
orbitals of the actinide metal, resulting in changes to the actinyl
bonding framework.6,12−14 The second theory says that the
changes in the electronic structure of the actinyl moiety are
principally electrostatic in nature and influenced by the donor−
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acceptor ability of the equatorial ligands.12,13,15−17 The latter
idea was recently supported in a theoretical study by Vallet et
al. where they used a point-charge model to determine that
pure electrostatic interactions play a significant role in the
uranyl bond destabilization for [UO2Cl4]

2‑ in comparison to
[UO2(H2O)5]

2+.18 While the origin of this phenomenon may
be under debate, numerous studies have established correla-
tions between the equatorial ligands and the actinyl vibrational
frequencies.13,17,19−22 These correlations have been used as
guides to assist in the activation and functionalization of the
uranyl oxo ligands,23,24 which has become an area of interest for
actinide organometallic chemistry over the past few
years.13,25−30

While the influence of equatorial ligands on the electronic
structure of the actinyl moiety has received a significant amount
of attention, considerably less research has been done to
investigate how the identity of the actinide metal itself (U, Np,
Pu, Am) affects the actinyl stretching frequencies. The
complexes presented here provide a unique opportunity for
the structural and spectroscopic comparison of uranyl and
plutonyl analogues. Through this comparison, we are able to
investigate influences of f-electrons at the metal center upon the
electronic structure of the actinyl moiety.
In this Article, we have two primary objectives. Our first

objective is to compare how the vibrational frequencies of the
actinyl moiety are affected as a function of the actinide metal
center, i.e., the number of f-electrons, when going across the
actinide series from uranium to plutonium. Using a valence
bond potential model, we are able to quantify this difference in
the vibrational spectra of uranium and plutonium by calculating
the stretching force constants (k1) and interaction force
constants (k12) for the isostructural uranyl and plutonyl
compounds. By comparing isostructural uranyl and plutonyl
compounds, we hope to be able to attribute changes in the
vibrational spectra of the actinyl moiety to differences in the
metal centers, specifically the number of f-electrons present
where Pu(VI) has two f-electrons and U(VI) has none.
Our second objective is to investigate the influence of the

secondary coordination sphere upon the electronic structure of
the actinyl moiety and determine whether or not we can detect
these more distant interactions using Raman and infrared
spectroscopy. This is done through analysis of uranyl and
plutonyl tetrachloride compounds with varying cations to try
and measure the influence of the cation−anion interaction on
the electronic structure of the actinyl moiety. Herein, we
present the structural and spectroscopic characterization of six
actinyl tetrachloride compounds (M2AnO2Cl4: M = Rb, Cs,
Me4N; An = U, Pu) as well as the stretching and interactive
force constants for each species.

■ EXPERIMENTAL SECTION
Caution! Depleted uranium and 242Pu are alpha-emitting isotopes. All
experiments described were performed in specially designed laboratories
with negative pressure fume hoods and gloveboxes, using strict radiological
controls.
The following reactions were performed under ambient conditions,

and all materials, with the exception of depleted uranium and 242Pu,
were obtained from commercial sources and used as received unless
otherwise noted. A stock solution of 242Pu was prepared using standard
ion-exchange techniques where a 242Pu(IV) solution in 7.5 M HNO3
was loaded onto a DOWEX anion exchange column conditioned in
the nitrate form. The column was then washed with several volumes of
7.5 M HNO3 to remove cationic and anionic impurities. The
plutonium was eluted from the column using 1 M HCl and

subsequently heated with periodic additions of 11 M HCl to drive
off residual nitric acid and reduce its volume resulting in a solution of
primarily Pu(IV) and Pu(VI). The solution was then oxidized to the
hexavalent state by bubbling with ozone for three days. Oxidation state
purity of the Pu was determined by optical spectrometry.

Vibrational Spectroscopy. Infrared samples were diluted (∼1−5
wt %) with dry KBr and pressed into a pellet before being collected on
a Nicolet Nexus 870 FTIR system. Data were collected using 16 scans
over 4000−400 cm−1 with a resolution of 2 cm−1. Raman data were
collected on randomly oriented single crystals using a Renishaw inVia
Raman microscope with a circularly polarized excitation line of 532 or
785 nm.

X-ray Crystallography. The solid state molecular structures for
the complexes presented here were determined similarly with
exceptions noted. Crystals were mounted on a glass fiber under
Paratone-N oil. Full spheres of data (0.5° frame widths) were collected
using a Bruker SMART or QUAZAR diffractometer equipped with an
APEXII detector using Mo Kα radiation. Frame exposures of 15 s were
used for compounds U-Rb, U-Cs, and Pu-Rb, while 20 s exposures
were used for compounds U-Me4N, Pu-Cs, and Pu-Me4N. All data
were collected at 100 K using an Oxford Cryosystems cryostat. The
data were integrated and corrected for absorption using the APEX2
suite of crystallographic software, while structure solutions and
refinements were completed using XShell.31

For compounds U-Me4N and Pu-Me4N, solvent accessible voids of
42 and 41 Å3, respectively, were observed within the crystal lattice.
The difference Fourier maps for U-Me4N reveal residual electron
density located ∼3.22 Å from the nearest chloride ligand and 3.39 Å
from the nearest methyl carbon. Similarly, the difference Fourier maps
in Pu-Me4N show residual electron density located ∼3.26 and ∼3.36 Å
from the nearest chloride ligand and methyl carbon, respectively. In
both compounds, these distances are consistent with water behaving as
a hydrogen bond donor to the chloride ligand32 and a hydrogen bond
acceptor from the Me4N

+ cation.33 While this evidence suggests the
presence of water molecules within the crystal lattice, we were unable
to confidently refine a water molecule due to a low partial occupancy.
Upon assignment of the residual electron density as oxygen,
refinement results in partial occupancy for the oxygen of 16% in U-
Me4N and 22% in Pu-Me4N. Additionally, application of the
SQUEEZE34 technique to these compounds determined 4 or 5
electrons are present within each of the voids, which is consistent with
a 20−25% occupancy for two water molecules, where the second water
is generated by symmetry.

Synthesis for Compounds U-Rb, U-Cs, and U-Me4N. In a 2 mL
shell vial, 20 mg (0.070 mmol) of UO3 was dissolved using 200 μL of
2.0 M HCl forming a yellow solution. To this solution was added 70
μL of 2.0 M MCl (M = Rb, U-Rb; Cs, U-Cs; Me4N, U-Me4N) (0.14
mmol) and 200 μL of H2O resulting in a less intense yellow solution.
The solution was allowed to evaporate at room temperature for several
days resulting in the deposition of crystalline material. Rb2UO2Cl4·
2H2O (U-Rb) was isolated as yellow plates in quantitative yield after
complete evaporation of the solution, while Cs2UO2Cl4 (U-Cs) was
isolated as yellow-green rods (37.1 mg, 78% yield) and
[Me4N]2UO2Cl4 (U-Me4N) was isolated as yellow-green blocks
(33.7 mg, 86% yield). A list of peak information and assignments
for the Raman and infrared spectra of U-Rb, U-Cs, and U-Me4N is
located in the Supporting Information.

Synthesis for Compounds Pu-Rb, Pu-Cs, and Pu-Me4N. A 2
mL shell vial was charged with 200 μL of 0.062 M 242Pu (3 mg, 0.012
mmol) dissolved in concentrated HCl. To this orange solution was
added 250 μL of 0.11 M MCl (M = Rb, Pu-Rb; Cs, Pu-Cs; Me4N, Pu-
Me4N) (0.022 mmol) in concentrated HCl, resulting in a less intense
orange solution. Evaporation of the solution within a fume hood
(several weeks) resulted in the deposition of the desired product
(Rb2PuO2Cl4, Pu-Rb; Cs2PuO2Cl4, Pu-Cs; [Me4N]2PuO2Cl4, Pu-
Me4N) as irregular orange crystals. The small scale of these reactions
precludes the ascertainment of an accurate yield. A list of peak
information and assignments for the Raman and infrared spectra of
Pu-Rb, Pu-Cs, and Pu-Me4N is located in the Supporting Information.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic401991n | Inorg. Chem. 2013, 52, 14138−1414714139



■ RESULTS

Structural Descriptions. The solid state molecular
structures for complexes U-Rb,35 U-Cs,36,37 U-Me4N,

38 and
Pu-Cs39 have been previously reported. Here, we briefly
present the crystallographic details and arrangement of the
anion again for the purposes of discussion. We also expand
upon literature reports through our discussion of the cation−
anion interactions, since the only two compounds for which
they were previously mentioned are U-Rb35 and U-Cs,36 the
latter of which was later shown to have significant errors.37

Additionally, to standardize the varying collection temperatures
of the previously reported structures, we have recollected the
data at 100 K to ensure uniform conditions and allow for a
more accurate structural comparison between complexes.
The six complexes discussed here crystallize in three crystal

systems; triclinic (U-Rb: P1 ̅), monoclinic (U-Cs, Pu-Rb, and
Pu-Cs: C2/m), and tetragonal (U-Me4N and Pu-Me4N: P42/
mnm) (Table 1). The composition of the anion is identical for
each compound and consists of six ligands bound to the metal
center in a pseudo-octahedral geometry. The axial positions are
occupied by the two -yl oxo ligands, while the four chloride
ligands reside in the equatorial plane (Figure 1). In each case,
the actinyl anion is charge balanced by the presence of two
monocations, the identity of which are varied in this study (Rb,
Cs, Me4N). All of the complexes presented herein crystallize in
centrosymmetric space groups where the actinide atom resides
on a special position with either Ci, C2h, or D2h site symmetry,
resulting in a strictly linear conformation of the actinyl moiety
in these complexes.
For the three uranium compounds presented herein (U-Rb,

U-Cs, and U-Me4N), the average bond distances for the UO
and UCl bonds are 1.77(1) and 2.67(1) Å, respectively
(Table 2). These bond lengths are consistent with previously
reported uranyl tetrachloride compounds such as

[Et4N]2UO2Cl4 (UO, 1.76(2) and 1.77(3) Å; UCl,
2.65(1)−2.68(1) Å),40 [(NH4)(5-crown-5)2]2UO2Cl4·2MeCN
(UO, 1.763(5) Å; UCl, 2.645(2) and 2.682(2) Å),41 and
[SN2C10H9]2UO2Cl4 (UO, 1.77(1) Å; UCl, 2.662(5) and
2.665(5) Å).42 Upon moving across the actinide series to
plutonium (compounds Pu-Rb, Pu-Cs, and Pu-Me4N), the
average metal AnO bond length decreases 0.02 Å to 1.75(1)
Å, while the AnCl bond contracts 0.01 Å to 2.66(1) Å (Table
2). This shortening of the actinide−ligand bond lengths is
consistent with the decrease in ionic radii when going across
the series from uranium (6 coordinate UVI: 0.73 Å) to
plutonium (6 coordinate PuVI: 0.71 Å).43 As with the uranium
compounds, the bond lengths of the plutonium compounds are
consistent with previously reported plutonyl chloride com-
pounds such as [Ph3PNH2]2[PuO2Cl4] (PuO, 1.709(10) and
1 .718(9) Å; PuCl , 2 . 641(4)−2 .661(4) Å) , 4 4

Table 1. X-ray Crystallographic Data for Complexes U-Rb, U-Cs, U-Me4N, Pu-Rb, Pu-Cs, and Pu-Me4N

U-Rb U-Cs U-Me4N Pu-Rb Pu-Cs Pu-Me4N

empirical formula Cl4H4O4Rb2U Cl4Cs2O2U Cl4H24C8O2N2U Cl4O2PuRb2 Cl4O2PuCs2 Cl4H24C8O2N2Pu
cryst habit, color plate, yellow-green plate, yellow-green prismatic, yellow-

green
irregular, orange prismatic, orange irregular, orange

cryst size (mm3) 0.22 × 0.15 × 0.05 0.54 × 0.10 × 0.04 0.19 × 0.11 × 0.10 0.63 × 0.29 × 0.24 0.39 × 0.17 × 0.10 0.17 × 0.15 × 0.12
cryst syst triclinic monoclinic tetragonal monoclinic monoclinic tetragonal
space group P1 ̅ C2/m P42/mnm C2/m C2/m P42/mnm
V (Å3) 292.90(5) 514.4(3) 948.72(18) 470.1(2) 514.52(15) 944.3(2)
a (Å) 6.7500(7) 11.829(5) 9.1341(10) 11.383(3) 11.785(2) 9.0962(13)
b (Å) 6.8991(7) 7.648(3) 9.1341(10) 7.534(2) 7.6934(13) 9.0962(13)
c (Å) 7.4230(7) 5.781(2) 11.3712(12) 5.5028(14) 5.7285(10) 11.4129(17)
α (deg) 92.1910(10) 90 90 90 90 90
β (deg) 101.6700(10) 100.385(4) 90 94.959(3) 97.856(2) 90
γ (deg) 118.8110(10) 90 90 90 90 90
Z 1 2 2 2 2 2
fw (g/mol) 618.80 677.65 560.12 586.74 681.62 564.09
density (calcd) (Mg/m3) 3.508 4.375 1.961 4.145 4.400 1.984
abs coeff (mm−1) 22.993 23.731 9.112 18.368 14.358 4.050
F000 270 572 524 504 576 528
total no. reflns 4828 3415 15 574 3844 3133 13 515
unique reflns 2005 765 1042 904 636 834
final R indices [I > 2σ(I)] R1 = 0.0194 R1 = 0.0340 R1 = 0.0207 R1 = 0.0291 R1 = 0.0189 R1 = 0.0227

wR2 = 0.0441 wR2 = 0.0963 wR2 = 0.0481 wR2 = 0.0758 wR2 = 0.0488 wR2 = 0.0581
largest diff. peak and hole (e−

Å−3)
1.430 and −2.000 4.234 and −3.479 2.040 and −0.525 5.610 and −3.434 0.753 and −2.312 2.158 and −0.703

GOF 1.143 1.079 1.126 1.171 1.323 1.131

Figure 1. Ball and stick model of Rb2PuO2Cl4 (Pu-Rb) depicting the
connectivity around the metal center along with the charge balancing
cations.
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PuO2Cl2(Ph3PO)2 (PuO, 1.747(4) Å; PuCl, 2.630(2)
Å),44 and [PuO2Cl2(THF)2]2 (PuO, 1.714(9) and 1.725(9)
Å; PuClterminal, 2.645(4) Å).

45

Compounds U-Rb and Pu-Rb are charge balanced by Rb
cations, while U-Cs and Pu-Cs contain Cs. For these
compounds, the shortest cation···Cl and cation···Oyl separations
are 3.335(1) and 3.019(2) Å (U-Rb), 3.512(2) and 3.275(6) Å
(U-Cs), 3.315(1) and 3.540(5) Å (Pu-Rb), and 3.489(1) and
3.495(4) Å (Pu-Cs), respectively (Figure 2) (Table 3). In all
four compounds the cation···Cl and cation···Oyl distances are
equal to or slightly longer than the combined ionic radii of the
participating atoms (Cl−, 1.81 Å; Cs+ (8 coordinate), 1.74 Å;
O2‑, 1.35 Å; Rb+ (8 coordinate), 1.61 Å; Rb+ (7 coordinate),
1.56 Å),43 but they are significantly shorter than the combined
van der Waals radii (Cl, 1.75 Å; Cs, 3.43 Å; O, 1.52 Å; Rb, 3.03
Å).47,48 We believe any anion−cation interaction should be
weak due to the elongated interatomic distances and low
charge−ionic radius ratio of the Rb and Cs atoms (for 8-
coordinate cations: Rb+, 0.62; Cs+, 0.57; as a reference Li+,
1.08).43,49 In addition to the compounds presented here, similar
cation···Oyl interactions have been observed in previously
reported uranyl compounds with alkali metal cations.23,50−53

In the Rb and Cs compounds, the cation−Cl distances are
very similar for both the uranyl and plutonyl analogue, while
the cation−O distance increases when going across the
actinides from uranium to plutonium. The longer cation−O
interaction for the plutonium analogues may be caused by the
less negative effective charge on the -yl oxygen atoms of
plutonyl in comparison to uranyl,54−56 which would result in a

weaker cation−O interaction. This argument also supports the
similar cation−Cl distances observed for the uranium and
plutonium analogues because the effective charge of the
chloride ligands would not vary significantly based on the
identity of the actinide due to their primarily ionic interaction
with the metal center.
In compounds U-Me4N and Pu-Me4N, the methyl groups on

the Me4N
+ cation weakly interact with the chloro and oxo

ligands of the actinyl anion (Figure 2, Table 3). The shortest
C−H···Cl interactions for the two compounds are 2.94(4) Å
(U-Me4N) and 2.94(5) Å (Pu-Me4N), which is consistent with
previously reported values for C−H···ClM (mean: 2.876 Å,
where ClM signifies that the Cl is bound to a metal).57 For
interactions with the actinyl oxygen, the shortest C−H···Oyl
separations (2.65(4) Å (U-Me4N) and 2.62(6) Å (Pu-Me4N))
are significantly longer than previously reported values for
hydrogen bonding interactions to the -yl oxygen ligand
(1.665(13)−2.39(3) Å),58 indicating a very weak anion···cation
interaction. The increased distance of these interactions is most
likely due to the single positive charge spread over the entire
Me4N

+ cation and the low donor strength of the C−H moiety
resulting from the inherently nonpolar nature of the methyl
groups.32

In addition to the anion and cations, complex U-Rb contains
an unbound water molecule within the crystal lattice. The
hydrogen atoms of the water molecule are oriented toward the
equatorial chloride ligands of the anion suggesting a potential
hydrogen bonding interaction, but the Osolvent···Cl (3.317(3) Å)
and Osolvent−H···Cl (2.69(5) Å) distances are significantly
longer than the reported average hydrogen bonding inter-
actions for H2O (3.190(3) and 2.237(3) Å, respectively)32

(Table 3). These elongated distances indicate that if a hydrogen

Table 2. Selected Bond Lengths for Complexes U-Rb, U-Cs,
U-Me4N, Pu-Rb, Pu-Cs, and Pu-Me4N

compound AnO (Å) AnCl (Å)

Uranium
Rb2UO2Cl4·2H2O (U-Rb) 1.773(2) 2.665(1)

2.669(1)
Cs2UO2Cl4 (U-Cs) 1.776(6) 2.670(1)
[Me4N]2UO2Cl4 (U-Me4N) 1.766(4) 2.648(1)

2.677(1)
averagea 1.77(1) 2.67(1)
Plutonium
Rb2PuO2Cl4 (Pu-Rb) 1.754(5) 2.663(1)
Cs2PuO2Cl4 (Pu-Cs) 1.750(4) 2.663(1)
[Me4N]2PuO2Cl4 (Pu-Me4N) 1.745(5) 2.634(2)

2.660(2)
averagea 1.75(1) 2.66(1)

aError for average bond lengths is calculated as the standard
deviation.46

Figure 2. Ball and stick models showing a sample of the cation−anion interactions in Rb2PuO2Cl4·2H2O (U-Rb) (left), Cs2PuO2Cl4 (Pu-Cs)
(middle), and [Me4N]2PuO2Cl4 (Pu-Me4N) (right). Dashed lines indicate cation−anion interactions. U = green, Pu = purple, O = Red, Cl = orange,
Rb = dark blue, Cs = magenta, N = light blue, C = black, H = beige.

Table 3. Shortest Cation···Anion and Solvent···Anion
Interactions for Complexes U-Rb, U-Cs, U-Me4N, Pu-Rb,
Pu-Cs, and Pu-Me4N

a

compound Cat···Oyl (Å) Cat···Cl (Å)

U-Rb 3.019(2) 3.335(1)
U-Cs 3.275(6) 3.512(2)
Pu-Rb 3.540(5) 3.315(1)
Pu-Cs 3.495(4) 3.489(1)

compound H···Oyl (Å) C−H···Oyl
(deg)

H···Cl (Å) C−H···Cl
(deg)

U-Me4N 2.65(4) 142(3) 2.94(4) 133(3)
Pu-Me4N 2.62(6) 139(5) 2.94(5) 129(4), 167(5)

aDistances given for Rb and Cs interactions are from the center of the
atom, while distances given for Me4N interactions are from the closest
H atom.
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bonding interaction is occurring between the lattice water and
the chloride ligands of the anion, it is most likely very weak.
Vibrational Spectroscopy. In addition to single crystal X-

ray diffractometry, the complexes presented herein have also
been characterized using Raman and infrared spectroscopy.
While the vibrational spectroscopy of U-Rb,59−62 U-Cs,61−71

U-Me4N,
62,63,67,72,73 and Pu-Cs (photoluminescence)74 has

been previously investigated, to our knowledge this is the first
instance where the Raman and infrared spectra of the plutonyl
species have been collected and compared to their uranyl
analogues. We have collected the Raman and infrared data for
all six compounds to ensure similar conditions and allow for an

accurate comparison between uranium and plutonium ana-
logues.
The actinide complexes in these structures are ideally D4h

symmetry, and therefore, 15 vibrational modes may be expected
to arise from the anion. For the AnO2Cl4

2‑ anion, the
vibrational frequencies associated with the equatorial ligand
modes are much lower in frequency than the stretching modes
of the actinyl moiety. As such, we should not expect any
coupling between these vibrational modes of the equatorial
ligands and the symmetric or asymmetric modes of the actinyl
ion. This was demonstrated by Jones showing that the M−L
vibrational modes of the equatorial ligands can be ignored due

Figure 3. Infrared (blue) and Raman (red) spectra for Rb2UO2Cl4·2H2O (U-Rb) (upper left), Cs2UO2Cl4 (U-Cs) (middle left), [Me4N]2UO2Cl4
(U-Me4N) (lower left), Rb2PuO2Cl4 (Pu-Rb) (upper right), Cs2PuO2Cl4 (Pu-Cs) (middle right), and [Me4N]2PuO2Cl4 (Pu-Me4N) (lower right).
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to their lack of significant coupling with the vibrational modes
of the actinyl moiety, allowing for the AnO2 unit to be treated
as a linear triatomic molecule, thus simplifying the analysis of
the spectra.75 Additionally, our choice of cations aids in our
analysis of the Raman and infrared spectra for the compounds
presented here. The Rb+ and Cs+ cations were selected because
their monatomic composition results in them being Raman and
infrared silent, while the spectral contribution from the Me4N

+

cation can be easily identified and accounted for through a
comparison to the [Me4N]Cl salt (Figure S2 in the Supporting
Information).
Triatomic molecules with a linear YXY arrangement (D∞h)

such as the actinyl moiety (OAnO) have three normal
vibrational modes: a symmetric stretching mode (ν1, Raman
active), a bending mode (ν2, infrared active), and an
asymmetric stretching mode (ν3, infrared active) (Supporting
Information Figure S1).76,77 In aqueous solution, it has been
shown that these three modes of uranyl are typically observed
between 860 and 880 cm−1 (ν1), 199 and 210 cm−1 (ν2), and
930 and 960 cm−1 (ν3).

78 While significantly less is known
about the plutonyl analogue, the symmetric79 and asymmetric78

stretching frequencies for PuO2(H2O)5
2+ are located at 835 and

962 cm−1, respectively. For the purposes of our discussion here,
we will focus on the ν1 and ν3 stretching modes of the actinyl
moiety since the ν2 bending modes cannot be readily observed
due to the wavelength limitations of our infrared spectrometer.
For uranyl complexes U-Rb, U-Cs, and U-Me4N, the ν1

symmetric stretch is the most prominent signal in the Raman
spectrum and is observed as a sharp peak at 839, 832, and 831
cm−1, respectively (Figure 3, Table 4). Similarly, the ν3

asymmetric stretch appears in the infrared spectra as a strong
signal located at 907 (U-Rb), 922 (U-Cs), and 909 cm−1 (U-
Me4N). These shifts for the symmetric and asymmetric
stretches are similar to those previously observed for the
UO2Cl4

2‑ anion, which range from 831 to 842 cm−1 for ν1 and
900 to 922 cm−1 for ν3.

59−61,68,70−72,80 For compound U-Cs, in
addition to the ν1 signal at 832 cm

−1, a small peak is observed at
806 cm−1 corresponding to the 18OU16O symmetric
stretching frequency, which agrees with the degree of red
shifting expected for the monoisotopically substituted uranyl
moiety.81,82 Isotopic shifting of the ν1 symmetric stretching
frequency has been previously observed in di-isotopically
substituted 18O species uranyl hydroxide species,
U18O2(OH)n

2‑n.6

Upon traversing the actinide series from uranium to
plutonium, the ν1 symmetric stretching frequency undergoes
a red shift of 30−40 cm−1 appearing at 810, 801, and 793 cm−1

for Pu-Rb, Pu-Cs, and Pu-Me4N, respectively (Figure 3, Table
4). As with U-Cs, the Raman spectra for compounds Pu-Rb
(785 cm−1) and Pu-Cs (777 cm−1) also contain small peaks
corresponding to the monoisotopically substituted 18O
Pu16O symmetric stretching frequency. Interestingly, unlike
the ν1 symmetric stretching frequency, a similar shift is not
observed for the ν3 asymmetric stretching frequency when
traversing across the actinides. The infrared spectra of plutonyl
compounds Pu-Cs (925 cm−1) and Pu-Me4N (909 cm−1)
exhibit almost no shift of the ν3 signal in comparison to their
isostructural uranyl analogues, while the asymmetric stretch for
compound Pu-Rb (932 cm−1) is blue-shifted 25 cm−1 from
where it was observed for the hydrated uranyl species. The lack
of shifting (or slight blue shift) for the OAnO asymmetric
stretching frequency (ν3) when going from uranyl to plutonyl is
very surprising considering the ν1 symmetric stretch involves
the same three atoms and undergoes a red shift of 30−40 cm−1.
This lack of synchronicity between the symmetric and
asymmetric stretching frequencies is not readily understood,
and future studies probing this phenomenon could elucidate
significant information about the electronic structure of the
actinyl moiety.
Unlike the easily identifiable ν1 symmetric and ν3 asymmetric

stretches of the actinyl moiety, the metal−chloride based
vibrations are more difficult to definitively assign due to their
close proximity to one another. Our tentative assignments
discussed in the Supporting Information are based on the
relative positions of the signals observed in previously reported
AnO2Cl4

2‑ compounds.39,59,61,66,70−72,80,83

Actinyl Force Constants. The stretching force constant
(k1) and interaction force constant (k12) for the AnO bond
can be calculated from the symmetric (ν1) and asymmetric
stretches (ν3) of the actinyl compound using a valence bond
potential model.76,81,84,85 The stretching force constant
corresponds to the AnO bonds of the -yl moiety, while the
interactive force constant describes the interaction between the
two actinyl oxygen atoms. As stated previously it is possible to
ignore the interaction between the uranyl moiety and its
equatorial ligands in order to treat the OAnO moiety as a
linear triatomic molecule.75 It should be noted that a harmonic
model and the experimental values obtained for the ν1 and ν3
stretches are used for all of the calculations performed herein.
Utilizing our experimental values for the symmetric and

asymmetric stretches of uranium compounds U-Rb, U-Cs, and
U-Me4N, we have calculated the stretching force constants to
be 6.74, 6.79, and 6.68 mdyn/Å, respectively (Table 4). A slight
decrease in k1 is observed when traversing the actinides to the
corresponding plutonium compounds Pu-Rb (6.69 mdyn/Å),
Pu-Cs (6.58 mdyn/Å), and Pu-Me4N (6.39 mdyn/Å). This
decrease in the stretching force constant signifies a weakening
of the AnO bond when transitioning from uranyl to plutonyl.
While this is consistent with trends in the gas phase OAn
O bond dissociation energy when going from uranyl to
plutonyl,86 it is contradictory to what might be expected on the
basis of the coinciding contraction of the AnO bond length, a
relationship that will be discussed further in the following
section.
A similar decrease is also observed when comparing the

interaction force constant for the uranyl compound to those of
the plutonyl compounds. For the uranium compounds, the

Table 4. Symmetric (ν1, cm
−1) and Asymmetric (ν3, cm

−1)
-yl Stretches for Complexes U-Rb, U-Cs, U-Me4N, Pu-Rb,
Pu-Cs, and Pu-Me4N along with the Stretching Force
Constant (k1, mdyn/Å) and Interaction Force Constant (k12,
mdyn/Å) for the AnO Bond

compound ν1 ν3 k1 k12

Uranium
UO2

2+ (aq) 860−88078 930−96078

Rb2UO2Cl4·2H2O (U-Rb) 839 907 6.74 −0.10
Cs2UO2Cl4 (U-Cs) 832 922 6.79 −0.27
[Me4N]2UO2Cl4 (U-Me4N) 831 909 6.68 −0.18

Plutonium
PuO2(H2O)5

2+ 83579 96278

Rb2PuO2Cl4 (Pu-Rb) 810 932 6.69 −0.52
Cs2PuO2Cl4 (Pu-Cs) 801 925 6.58 −0.53
[Me4N]2PuO2Cl4 (Pu-Me4N) 793 909 6.39 −0.48
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interaction force constants are −0.10, −0.27, and −0.18 mdyn/
Å for compounds U-Rb, U-Cs, and U-Me4N, respectively.
These values become more negative upon navigating across the
actinides to plutonium, where the analogous compounds have
interaction force constants of −0.52 (Pu-Rb), −0.53 (Pu-Cs),
and −0.48 (Pu-Me4N).

■ DISCUSSION
Badger’s Rule “Paradox”. It has been almost 80 years

since Badger published his formula derived from the transition
metals (Badger’s Rule) relating the equilibrium length (re) of a
bond X−Y to its stretching force constant (k1).

87,88 This
relationship, expressed here, k1 = A(re − B)−3, relies on the use
of a universal constant (A = 1.86 mdyn Å2)77,89 and a variable B
that is based on the periodic rows within which elements X and
Y reside.90 While this formula has been shown to be
significantly more accurate when calculating the bond length
from the bond strength than vice versa,89,90 it typically affirms
the rule of thumb that a shorter bond has a larger stretching
force constant. One of the many examples of this rule can be
seen when comparing the experimentally determined bond
lengths and stretching force constants for the metal−metal
bond in V2, Fe2, and Cu2.

89,91 Upon navigating the third row
transition metals from vanadium to iron to copper, the length
of the metal−metal bond increases from 1.77 to 2.02 to 2.22 Å
concomitant with the stretching force constant decreasing from
4.34 to 1.48 to 1.30 (mdyn/Å), respectively. Jones explored the
applicability of Badger’s rule for relating the UO bond length
and force constants for uranyl complexes.92 His analysis of a
small sample of complexes showed that Badger’s rule could be
applied to uranyl, on the basis of the assumption that the
normal modes of vibration for the uranyl moiety are decoupled
from those of the equatorial ligands. While this is the case for
the majority of uranyl compounds, it should be noted that a
recent theoretical investigation showed significant mixing of the
uranyl vibrations with the U−OH stretches in [UO2(OH)4]

2‑

and [UO2(OH)2(H2O)3], causing Badger’s rule to be invalid
for these compounds.18

Interestingly, the results presented herein suggest that the
correlation between decreasing bond length and an increasing
stretching force constant is not observed for isostructural
compounds traversing the actinides. In this work, we present
two sets of isostructural uranyl and plutonyl compounds, Cs
compounds U-Cs and Pu-Cs and Me4N compounds U-Me4N
and Pu-Me4N, that can be used to examine the correlation
between the AnO bond length and the stretching force
constant. Although both compounds U-Rb and Pu-Rb have the
same charge balancing cation (Rb), compound U-Rb
crystallizes in the triclinic space group P1 ̅ with two water
molecules in the crystal lattice, while compound Pu-Rb
crystallizes as the unsolvated species in the monoclinic space
group C2/m. Due to the differences in both the crystallographic
phase and solvation state of the compound, a direct comparison
cannot be made because the magnitude of these influences
upon the electronic structure of the actinyl moiety is unknown.
For compounds U-Cs and Pu-Cs and compounds U-Me4N

and Pu-Me4N, there is a trend showing a slight decrease in the
AnO bond length from uranium to plutonium. (While these
values are statistically very similar, there is a decrease going
from U to Pu based on the overall trend present when looking
at experimental and theoretical data for a broader range of
AnO and AnO interactions found in compounds such as
AnO2(H2O)5

2+ (An = U, Np, Pu),93 AnO2(NO3)2(H2O)2 (An

= U, Pu),94 AnO2(SO4)(H2O)3 (An = U, Pu),94

K4AnO2(CO3)3 (An = U, Np),95,96 AnO2 (An = Th, Pa, U,
Np, Pu, Am),97 An(Aracnac)4 (An = Th, U, Pu),98 [An(α2-
P2W17O61)2]

16‑ (An = Th, U, Np, Pu, Am),99 and {C-
(NH2)3}4[An(C2O4)4]·2H2O (An = Th, U, Pu).100) Interest-
ingly, the stretching force constant also decreases 0.21 mdyn/Å
between U-Cs and Pu-Cs, and 0.29 mdyn/Å between U-Me4N
and Pu-Me4N when transitioning from uranyl to plutonyl
(Table 4). These results are consistent with an earlier
discussion by Tait et al. where they observed a decrease in
both bond length and strength when navigating across the
actinides.101

The phenomenon of a concomitant decrease in both bond
length and stretching force constant across the actinides is not
completely understood, but one explanation is that it arises
from the actinide contraction.101 Similar to the lanthanide
contraction, the actinide contraction is the decrease in the
atomic radius and contraction of the bonding orbitals when
traversing left to right across the actinides that arises from
inefficient shielding of the increasing nuclear charge by the
valence electrons. In isostructural compounds across the
actinides, the decrease in the atomic radius manifests itself as
a shortening in the metal−ligand bond length, while the
simultaneous contraction of the actinide 5f and 6d orbitals
weakens the bond due to the decrease in orbital overlap with
the ligand.101 This explanation fits well with the experimental
results for the Cs and Me4N compounds presented here, where
the shortening of the AnO bond length (Cs, 0.03 Å; Me4N,
0.02 Å) (Table 2) going from uranium to plutonium correlates
well with the 0.2 Å contraction in ionic radius from U(VI)
(0.73 Å) to Pu(VI) (0.71 Å).43

In addition to the actinide contraction, another contributing
factor to the weakening of the AnO bond when going from
U to Pu could be the presence of the two f-electrons in Pu(VI).
In plutonyl, these 2 f-electrons are located in the δu
nonbonding orbital.102 For uranyl, Denning has shown that
the δu nonbonding orbital mixes with the πu antibonding orbital
due to spin−orbit coupling resulting in a configuration
interaction between the σuπu and σuδu.

1 Therefore, the presence
of the two 5f electrons in Pu(VI) may indicate greater
antibonding character in the plutonyl versus uranyl bond,
resulting in a reduced force constant.

Inverse Trans Influence. A negative interaction force
constant for linear triatomic centrosymmetric molecules, such
as the actinyl moiety in the compounds presented here,
corresponds to a reduction of the force constant for the
symmetric stretching mode. The root of this can be seen by
examining the general potential function for a symmetric linear
triatomic molecule shown in eq 1.76,81,84 In the symmetric
stretching mode, both Δr1 and Δr2 possess the same sign,
meaning a negative interactive force constant (k12) lowers the
energy of the symmetric stretch. Reduction of the force
constant for the symmetric stretch has been described as a
dynamic manifestation of the actinide inverse trans influence.4

δ= Δ + Δ + Δ Δ + δV k r r k r r k2 ( ) 2 ( )1 1
2

2
2

12 1 2
2

(1)

This can be seen experimentally by comparing the relative
energies of the symmetric and asymmetric stretching
frequencies for the compounds presented here. The symmetric
stretching mode of the actinyl moiety appears at a lower energy
than the asymmetric stretching mode (Figure 3, Table 4). This
can be thought of as the two AnO bonds working in tandem
due to the inverse trans influence, which results in a negative
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interaction force constant for all of the actinyl compounds. In
contrast to the inverse trans influence experienced by the
actinyls, isostructural transition metal dioxo compounds
typically abide by the normal trans influence, where the trans
metal−oxo bonds work in competition with each other
resulting in a positive interaction force constant and a decrease
of the force constant for the asymmetric stretching mode. In
compounds such as K2[OsO2Cl4] (ν1, 904; ν3, 837 cm−1; k12,
1.03 mdyn/Å) and K3[ReO2(CN)4] (ν1, 871; ν3, 768 cm

−1; k12,
1.28 mdyn/Å),103,104 the normal trans influence is manifested
through a positive interaction force constant and the O
TMO asymmetric stretching mode appearing at a lower
energy than the symmetric stretching mode.
Cation Influences. The compounds presented here also

afford us the opportunity to indirectly probe the influence of
the cation upon the electronic structure of the actinyl moiety.
Plutonyl compounds Pu-Rb and Pu-Cs are isostructural and
isoelectronic, varying only by the identity of the cation. The
difference between the two stretching force constants for
compounds Pu-Rb and Pu-Cs is only 0.11 mdyn/Å, in
comparison to the 0.21 mdyn/Å difference that is present
between isostructural compounds U-Cs and Pu-Cs where the
identity of the actinide metal changes (Table 4). While the
conclusion is not surprising, this comparison illustrates that, in
this case, the identity of the metal center is significantly more
influential upon the electronic structure of the actinyl moiety
than the identity of the countercation.

■ CONCLUSION
In this work, we report the crystallographic and spectroscopic
characterization of three uranyl and three plutonyl compounds.
Using the experimental values for the symmetric and
asymmetric stretches of the actinyl moieties, we calculated
the stretching force constant and interaction force constant for
each of the compounds. The calculated stretching force
constants demonstrate a weakening of the AnO bond
when traversing the actinides from uranium to plutonium. This
is somewhat counterintuitive since replacing uranium with
plutonium results in a slight contraction of the AnO bond
length in the solid state molecular structure. Additionally, the
interaction force constants for both the uranyl and plutonyl
compounds were found to be negative, which corresponds to a
reduction of the force constant for the symmetric stretching
mode and is a manifestation of the inverse trans influence that
occurs in actinide compounds.
Further studies will continue to address the differences in the

electronic structure of the actinyl ion as well as aim to quantify
the influence from lattice solvent and the crystallographic phase
upon the electronic structure of the actinyl moiety. We also
plan to continue to probe the behavior of the actinyl symmetric
and asymmetric stretching frequencies that occurs while
traversing the actinides from uranium to plutonium (ν1
undergoes a red shift but ν3 stays the same or displays a blue
shift) because we believe it contains valuable information about
the electronic structure of the actinyl moiety. Additionally, we
believe future investigations involving quantum mechanical
calculations as well as optical and luminescence spectroscopy
could complement these studies nicely.
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